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Assessment of MYC/PTEN Status by Gene-Protein

Assay in Grade Group 2 Prostate Biopsies
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This study leveraged a gene-protein assay to assess MYC and PTEN status at prostate cancer biopsy and
examined the association with adverse outcomes after surgery. MYC gain and PTEN loss were simulta-
neously assessed by chromogenic in situ hybridization and immunohistochemistry, respectively, using
277 Grade Group 2 needle biopsies that were followed by prostatectomy. The maximal size of cribriform
Gleason pattern 4 carcinoma (CRIB), the presence of intraductal carcinoma (IDC), and percentage of
Gleason pattern 4 carcinoma at biopsy were also annotated. MYC gain or PTEN loss was present in 19%
and 18% of biopsies, respectively, whereas both alterations were present in 9% of biopsies. Tumors with
one or both alterations were significantly more likely to have noneorgan-confined disease (NOCD) at
radical prostatectomy. In logistic regression models, including clinical stage, tumor volume on biopsy,
and presence of CRIB/IDC, cases with MYC gain and PTEN loss remained at higher risk for NOCD (odds
ratio, 6.23; 95% CI, 1.74e24.55; P Z 0.005). The area under the curve for a baseline model using
CAPRA variables (age, prostate-specific antigen, percentage of core involvement, clinical stage) was
increased from 0.68 to 0.69 with inclusion of CRIB/IDC status and to 0.75 with MYC/PTEN status. Dual
MYC/PTEN status can be assessed in a single slide and is independently associated with increased risk of
NOCD for Grade Group 2 biopsies. (J Mol Diagn 2021, 23: 1030e1041; https://doi.org/10.1016/
j.jmoldx.2021.05.006)
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Patients with Grade Group 2 (Gleason score 3 þ 4 Z 7)
prostate cancer on needle biopsy have a broad range of
clinical outcomes. Although most Grade Group 2 cases
receive definitive treatment with radical prostatectomy or
radiation, some active surveillance programs enroll patients
with favorable risk Grade Group 2 disease.1 Standard clin-
icopathologic parameters, including prostate-specific anti-
gen (PSA) and metrics of tumor volume at biopsy, are of
limited utility in predicting outcomes for Grade Group 2
disease, and additional biomarkers are needed. Recent re-
finements of pathologic evaluation of prostate cancer,
including identification of intraductal carcinoma, have
improved our ability to identify aggressive tumors.2,3

Another morphologic factor that emerged in recent studies
is the presence of cribriform Gleason pattern 4 disease
because it is associated with up-staging and worse prognosis
after prostatectomy.3e6 In addition, a number of genomic,
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largely RNA-based biomarkers have been marketed for use
in patients with intermediate-risk prostate cancer.7,8

Although many of these add to clinicopathologic parame-
ters for the prediction of adverse outcomes, they require
considerable amounts of tissue (often 5 to 10 unstained
slides from a biopsy block), are highly dependent on
adequate RNA preservation (which can be unpredictable in
formalin-fixed, paraffin-embedded [FFPE] tissue), and cost
tive Pathology. Published by Elsevier Inc.
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on the order of $3000 to perform. Most notably, these
markers generally lack studies that evaluate cost-benefit
ratios, and most are only available in the United States.9

Apart from RNA signatures, a number of DNA-based
alterations are common in primary prostate cancer and
reproducibly associated with aggressive disease. Our group
has previously found that PTEN deletions can be sensitively
detected using a simple immunohistochemistry (IHC) assay
and are significantly associated with adverse oncologic
outcomes in surgically treated primary prostate cancer,
including up-grading and up-staging at prostatectomy,
biochemical recurrence, and metastasis.10e13 Other work
has found that copy number alterations at 8q24, including
MYC gene gain, may be associated with Grade Group up-
grade at prostatectomy.14,15 During the last few years,
automated methods for brightfield (chromogenic) DNA in
situ hybridization have been optimized, and these tech-
niques can be performed in a dual-plex fashion with
immunohistochemical staining, known as a gene-protein
assay.16 We tested a clinical grade gene-protein assay to
assess MYC and PTEN status simultaneously on a single
biopsy slide. We hypothesized that the addition of these two
molecular biomarkers to contemporary clinicopathologic
parameters would improve the ability to predict which
tumors have adverse pathology at radical prostatectomy.
Materials and Methods

Patients and Tissue Samples

Samples used in this study were previously described in a
study examining the utility of a single-plex assay for PTEN
in the setting of Grade Group 2 prostate cancer at biopsy.17

Briefly, with institutional review board approval, the Johns
Hopkins Pathology database was queried for all needle bi-
opsies performed between 2000 to 2014 at the Johns Hop-
kins Hospital (JHH) containing a maximum of Grade Group
2 cancer and followed by a radical prostatectomy at JHH.
Where available, all Grade Group 2 biopsies were re-
reviewed for this study, and grading was performed based
on the International Society of Urological Pathology (ISUP)
2014 updated system. For each biopsy, the percentage of
tumor involving the core was visually estimated by the
reporting pathologist as described previously.18 The pro-
portion of cores involved by tumor was retrospectively
calculated by dividing the number of involved cores by the
total number of reported cores submitted for the case. All
the biopsies were followed by radical prostatectomy at JHH,
and all the radical prostatectomy tissue was entirely sub-
mitted for histologic evaluation. The grading for the radical
prostatectomies was performed as defined by the 2005 ISUP
Consensus Conference on Gleason Grading of Prostatic
Carcinoma.19 At JHH, men were followed up with PSA
assays every 3 months after surgery for the first year,
semiannually for the second year, and annually thereafter. A
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detectable serum PSA level of at least 0.2 ng/mL was evi-
dence of biochemical recurrence.

To not exhaust all tumor tissue from the case, a single index
biopsy block from each case containing the maximum per-
centage of core involvement by Grade Group 2 tumor was
selected for further morphologic (cribriform Gleason pattern
4 carcinoma, intraductal carcinoma, and percentage of
Gleason pattern 4 carcinoma) and immunohistochemical
(p63) studies described below. This was the only block
evaluated for cribriform or intraductal carcinoma; if present
on another block, this was not included in further analysis.
This same block was used for the retrospective MYC/PTEN
gene-protein assay, and this assay was scored in 50 randomly
selected evaluable tumor nuclei within the biopsy as
described below. In most cases, the single block selected for
study comprised two biopsy cores from the same anatomical
location. An additional group of 28 biopsies from 2018 to
2019 with Grade Group 2 cancer were collected to compare
the results of the MYC-PTEN gene-protein assay with two
different anti-PTEN antibodies (see below).

Intraductal Carcinoma, Cribriform Gleason Pattern 4
Carcinoma, and Percentage of Gleason Pattern 4
Scoring

Biopsy specimens with any size cribriform lesion in the
index tumor block examined for MYC/PTEN analysis (see
below) were subjected to p63 immunostaining to differen-
tiate intraductal carcinoma from invasive cribriform Gleason
pattern 4 carcinoma. p63 protein expression was detected
using a mouse anti-p63 monoclonal antibody (clone 4A4,
Abcam, Cambridge, UK). Staining was performed on a
Discovery ULTRA automated staining platform. Presence
of any p63-positive basal cells around a cribriform lesion
allowed classification of that lesion as intraductal carci-
noma. All lesions without basal cells were classified as
invasive cribriform Gleason pattern 4 carcinoma and scan-
ned hematoxylin and eosin images (Hamamatsu, Shizuoka,
Japan) were used to digitally measure the maximal diameter
of the largest cribriform Gleason pattern 4 focus present on
the examined tumor block (Supplemental Figure S1). The
percentage of Gleason pattern 4 carcinoma was determined
for each case on the index block using visual estimation by a
fellowship trained urologic pathologist (D.C.S.).

A total of 213 cases lacked large (maximal diameter
>200 mm) cribriform Gleason pattern 4 carcinoma and
intraductal carcinoma on initial analysis of the single index
block. Of these, 139 (65%) had all Grade Group 2 cores
examined in the initial index block described above and
were likely to have no intraductal or cribriform Gleason
pattern 4 carcinoma. There were 74 cases with additional
Grade Group 2 tumor containing cores that were not
included in the single block studied and thus may have had
intraductal or cribriform Gleason pattern 4 carcinoma
missed. From this group with unexamined Grade Group 2
1031
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Figure 1 Representative MYC/PTEN gene-protein assay results in pros-
tate biopsies. A: Representative case with high copy gain of MYC (>20% of
cells with three or more copies; silver probe) and intact PTEN protein
(brown). B: Representative case with intact MYC (<20% of cells with three
or more copies; silver probe) and loss of PTEN protein (brown). Original
magnification, �400.
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cancer, 91 additional Grade Group 2 blocks were retrieved
on 73 cases to assess for the presence or absence of intra-
ductal carcinoma and cribriform Gleason pattern 4 carci-
noma in these additional cores as described above.

MYC-PTEN Chromogenic Gene-Protein Assay

The unstained slides used for the assay were cut in 2016 and
stored at �20�C until the assay was performed in 2020. This
assay has been described elsewhere for HER2/Neu.16 The
gene-protein assay was performed on the BenchMark
ULTRA automated staining platform. PTEN protein expres-
sion was detected using an anti-PTEN rabbit monoclonal
antibody [clone D4.3 XP, Cell Signaling Technology (CST),
Danvers, MA] and the OptiView DAB IHC Detection Kit
(Ventana Medical Systems, Inc., Oro Valley, AZ).MYC gene
and chromosome 8 status were assessed using MYC DNP
Probe and Chromosome 8 DIG Probe with the ultraView
SISH DNP Detection Kit and ultraView Red ISH DIG
Detection Kit, respectively (Ventana Medical Systems, Inc.).

Briefly, FFPE tissue samples (4 mm) were deparaffinized
and heat-pretreated with Cell Conditioning 1 for antigen
retrieval (64 minutes). Specimens were incubated with the
anti-PTEN (D4.3) rabbit monoclonal antibody for 16 mi-
nutes at 37�C, and the immunolocalized protein was visu-
alized using the OptiView DAB IHC Detection Kit. After
detection of PTEN protein, the tissue specimens were heat-
pretreated with Cell Conditioning 2, followed by protease
treatment with ISH Protease 2 for 16 minutes at 37�C. The
samples were then denatured for 4 minutes at 80�C and
hybridized for 6 hours at 46�C with MYC DNP Probe and
Chromosome 8 DIG Probe Cocktail. The MYC and chro-
mosome 8 signals were visualized using the Ventana
ultraView SISH DNP Detection Kit and ultraView Red ISH
DIG Detection Kit, respectively. All slides were counter-
stained with Hematoxylin II and Bluing Reagents for 4
minutes each, and coverslips were applied.

MYC-PTEN Gene-Protein Assay Scoring

The PTEN IHC assay was blindly scored by two patholo-
gists (S.S. and D.C.S. or T.L.) using a validated scoring
system.10,11,17,20 In brief, a tumor biopsy specimen was
considered to have homogeneous PTEN protein loss if the
intensity of cytoplasmic and nuclear staining for PTEN was
markedly decreased or entirely negative in all sampled
tumor cells compared with surrounding benign glands and/
or stroma (Figure 1). If PTEN was lost in some but not all
tumor cells sampled in a given core, the core was annotated
as showing heterogeneous PTEN loss. For the purposes of
analysis, cases with heterogeneous PTEN loss and homo-
geneous PTEN loss were grouped together as PTEN loss
cases. Some cases were scored as having ambiguous PTEN
IHC results when the intensity of the tumor cell staining was
light or absent in the absence of evaluable benign glands or
stroma.
1032
MYC gene status was assessed by enumeration of the
MYC gene and chromosome 8 signals counted in 50 nuclei
of cells for each case (Figure 1). Cases were scored as
having inevaluable MYC status because of weak or lack of
in situ hybridization signals related to preanalytical differ-
ences in sample preparation (time to fixation, type of fixa-
tive, underfixation or overfixation, and tissue thickness) and/
or difficulties with signal enumeration because of nuclear
PTEN staining. Previous studies have used variable cut-offs
to define the presence or absence of the MYC gene gain. In a
study performed by our colleagues in Gleason pattern 3
prostate cancer, any case with >30% of cells showing three
or more copies of MYC was designated as MYC gain.14

However, previous MYC chromogenic in situ hybridiza-
tion studies in B-cell lymphoma have defined a case as
having MYC gain when there were >10% excess MYC
signals or a mean of >2.2 MYC signals per nucleus.21 When
compared with the Trock et al14 MYC fluorescence in situ
hybridization study in prostate cancer, this cutoff was found
to be exactly equivalent to a cutoff of �20% cells with three
or more MYC copies. Furthermore, on receiver operating
characteristic (ROC) analysis, the 20% cutoff indicated the
maximal association with noneorgan-confined disease in
our cohort; thus, this cutoff was used in the current study to
define MYC gain.

Comparison of PTEN Scores from a Gene-Protein Assay
to a Single-Plex IHC Assay

Previously published PTEN status from the single-plex IHC
assay using the same primary antibody17 was compared
with the scores generated from the gene-protein assay
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 1 Clinical, Pathologic, and Molecular Features of the
Investigated Cohort

Clinical feature
Finding
(N Z 277)

Preoperative parameters
Age, median (range), years 63 (41e75)
Self-reported African American race, n (%) 47 (18)

MYC/PTEN in Gleason 7 Prostate Biopsy
(performed on a deeper level after recutting the FFPE
blocks). In total, 232 cases were available for comparison
with a Cohen’s k value of 0.61 for all three categories
(PTEN intact, heterogeneous PTEN loss, and homogeneous
PTEN loss) or 0.66 for two categories [PTEN intact or
PTEN loss (heterogeneous and homogeneous)]
(Supplemental Table S1).
PSA, median (range) 5.3 (1.3e33.8)
Clinical stage, n (%)
T1c 194 (73)
T2a 33 (12.4)
�T2b 39 (14.6)

Tumor involvement, median (range), % 70 (5e100)
Fraction cores involved, median (range), n 0.30 (0.05e1)
Bilateral disease, n (%) 148 (53)
Intraductal carcinoma, n (%) 31 (11)
Cribriform Gleason pattern 4 (�200 mm),
n (%)

77 (28)

Cribriform Gleason pattern 4 (>200 mm)
n (%)

55 (19)

Gleason pattern 4, median (range), % 10 (0e90)
Postoperative parameters
Grade Group at RP, n (%)
1 (Gleason score 6) 78 (28.2)
2 (Gleason score 3 þ 4 Z 7) 148 (53.6)
3 (Gleason score 4 þ 3 Z 7) 38 (13.7)
4 (Gleason score 8) 6 (2.1)
5 (Gleason score 9e10) 6 (2.1)

Extraprostatic extension, n (%) 76 (27.4)
Seminal vesicle involvement, n (%) 10 (3.6)
Lymph node positive, n (%) 7 (0.4)
Positive margins, n (%) 39 (14)
BCR, n (%) 37 (16)
Time to BCR, median (range), years 2 (1e10)
Follow-up, median (range), years 4 (1e14)

Molecular parameters (measured in biopsy)
PTEN and MYC status, n (%)
PTEN intact MYC intact 96 (53)
PTEN intact MYC gain 35 (19.3)
PTEN loss MYC intact 33 (18.3)
PTEN loss MYC gain 17 (9.3)

BCR, biochemical recurrence; PSA, prostate-specific antigen; RP, radical
prostatectomy.
Comparison of PTEN and MYC Scores from Different
Gene-Protein Assays

To determine whether other anti-PTEN antibody clones
performed similarly to the CST D4.3 antibody in the MYC-
PTEN gene-protein assay, the Ventana PTEN (SP218) clone
was additionally tested on a subset of the main Grade Group
2 cohort using previously cut and stored unstained slides as
used for the main study. However, the intensity of PTEN
immunostaining in the gene-protein assay was uniformly
lower using the Ventana PTEN (SP218) clone compared
with the CST D4.3 clone, making interpretation of PTEN
status difficult. To determine whether this was attributable
to the long-term storage of the unstained slides and the older
FFPE block age, the MYC-PTEN assay was retested using
both antibody clones on freshly cut slides from a separate
group of 28 cases with Grade Group 2 prostate cancer on
biopsy diagnosed from 2018 to 2019. The intensity of the
PTEN stain increased on this newer and freshly cut cohort
for both antibody clones to the extent that strong nuclear
PTEN staining for the CST D4.3 clone at the 1:100 dilution
obscured the interpretation of MYC status in many cases.
The CST D4.3 clone was further tested at 1:200 dilution to
resolve this issue. On blinded scoring of the CST D4.3
1:200 and Ventana PTEN (SP218) conditions in the gene-
protein assay, 22 of the 22 interpretable cases had concor-
dant MYC status using the 20% threshold for MYC gain. For
PTEN status, there was agreement across the CST D4.3
1:100, CST D4.3 1:200, and Ventana PTEN (SP218) con-
ditions for 24 of the 27 interpretable cases. For the
remaining 3 cases, the SP218 clone had small regions with
ambiguous staining in tumor glands (because of the focal
lack of internal control staining), consistent with the overall
less intense PTEN staining seen with this clone.
Statistical Analysis

All statistical analyses were conducted with R software
version 4.0.1 (R Foundation for Statistical Computing,
Vienna, Austria). Clinical continuous variables, such as age,
PSA levels, percentage of tumor involvement, and fraction
cores involved, were compared using the Kruskal-Wallis
test (for variables with three or more groups) or Wilcoxon
test (for variables with two groups). Categorical variables
were compared using the c2 test. For analysis, MYC and
PTEN status was combined into a four-possibility categor-
ical variable.
The Journal of Molecular Diagnostics - jmdjournal.org
Because the maximal size of invasive cribriform Gleason
pattern 4 carcinoma was measured as a continuous variable
in all tumor samples, it was explored whether a cutoff point
could be determined for the lesion size to facilitate mea-
surement in the clinical setting. ROC analysis was therefore
used for association with noneorgan-confined disease to
identify a cutoff with maximum sensitivity and specificity.
The area under the curve (AUC) was calculated for the
continuous cribriform Gleason pattern 4 lesion size and a
maximal diameter of 200 mm was found to be the optimal
cut point with respect to sensitivity and specificity for
noneorgan-confined disease. These analyses were per-
formed using the pROC package in R software version 4.0.1
(Supplemental Figure S2).
1033
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Table 2 Clinicopathologic Variables Stratified by Intraductal and Cribriform Carcinoma Status or PTEN/MYC Status

Variable

Intraductal Carcinoma Cribriform Gleason Pattern 4 (>200 mm)

Positive Negative P Positive Negative P

Preoperative parameters
Age, median (range), years 65 (48e72) 62 (41e75) 0.03 64 (45e72) 62 (41e75) 0.09
Self-reported African American race, n (%) 3 (9.6) 44 (19) 0.28 5 (9.6) 42 (20) 0.11
PSA, median (range) 4.85 (1.5e23.4) 5.5 (1.3e33.8) 0.23 5.5 (1.5e30.3) 5.27 (1.3e33.8) 0.24
Clinical stage, n (%)
T1c 17 (56) 177 (75) 0.15 30 (57.6) 164 (76) 0.02
T2a 5 (16) 27 (12) 12 (23) 21 (10)
�T2b 8 (26) 31 (13) 10 (19.4) 29 (14)

Maximum percentage of tumor
involvement, median (range)

70 (15e100) 60 (5e100) 0.011 70 (15e100) 60 (5e100) 0.001

Fraction cores involved, median (range) 0.33 (0.06e0.91) 0.3 (0.05e1) 0.93 0.35 (0.05e0.92) 0.3 (0.05e1) 0.24
Bilateral disease, n (%) 17 (54) 131 (53) 1 29 (52) 119 (53) 1
Gleason pattern 4, median (range), % 20 (1e90) 10 (0e90) 0.007 30 (1e90) 10 (0e90) <0.0001

Postoperative parameters
Grade Group at RP, n (%)
1 (Gleason score 6) 8 (25.8) 70 (28.6) <0.0001 6 (15.8) 33 (27.7) <0.0001
2 (Gleason score 3 þ 4 Z 7) 8 (25.8) 139 (57) 19 (50) 74 (62)
3 (Gleason score 4 þ 3 Z 7) 13 (42) 25 (10) 11 (29) 9 (7.5)
4 (Gleason score 8) 1 (3.2) 5 (2) 2 (5.2) 1 (0.8)
5 (Gleason score 9e10) 1 (3.2) 5 (2) 0 2 (1.6)

Noneorgan-confined disease, n (%) 18 (58) 73 (29) 0.003 30 (54) 62 (28) 0.0003
Biochemical recurrence, n (%) 10 (38) 27 (13) 0.004 15 (31) 22 (12.7) 0.005

(table continues)

Continuous variables (age, PSA, percentage of tumor involvement, and fraction cores positive) were compared using Wilcoxon test for tumors with
intraductal carcinoma and cribriform lesions. These same variables were compared by the Kruskal-Wallis test for dual PTEN/MYC status. Categorical variables
were compared by using the c2 test.
BCR, biochemical recurrence; PSA, prostate-specific antigen; RP, radical prostatectomy.

Salles et al
Univariable and multivariable logistic regression models
were used to calculate the odds ratios (ORs) and CIs for the
occurrence of noneorgan-confined disease. Univariable and
multivariable models were also used to calculate the asso-
ciation between molecular changes (eg, MYC gain and
PTEN loss) and cribriform Gleason pattern 4 lesions that
were larger than the previously calculated size threshold of
200 mm (see previous paragraph and Supplemental Figure
S2). The same models were generated with intraductal le-
sions as an endpoint. Multivariable models were generated
with variables that had P < 0.05 in the univariable models.

Kaplan-Meier curves and log-rank tests were conducted to
determine the association between biochemical recurrence-
free survival and molecular changes, such as MYC gain and
PTEN loss. Similar analyses were conducted using morpho-
logic features of tumors, namely, intraductal carcinoma and
cribriform Gleason pattern 4 lesions. These analyses were
performed with the package survival in R software.

To identify changes in sensitivity and specificity after
incorporating morphologic and molecular markers to classic
clinicopathologic ROC curves, clinical, pathologic, and mo-
lecular variables were combined in multivariable logistic
regression models. The output of these models was used to
generate multiple AUCs. The first baseline AUC was gener-
ated using only variables used to calculate CAPRA (age, PSA,
1034
percentage of core involvement, and clinical stage) scores.
Gleason scores at biopsy were not included because the
investigated cohort was exclusively composed of 3 þ 4 Z 7
prostate tumors. This analysis was performed identically to
that described previously.17

Next the presence of cribriform Gleason pattern 4 lesions
and intraductal carcinoma and percentage of Gleason pattern
4 carcinoma were incorporated into the models to identify
whether there was a significant increase in the AUC values.
The effect of independently adding PTEN and MYC in the
models and by combining all variables together (CAPRA,
intraductal carcinoma, cribriform Gleason pattern 4 lesion,
PTEN status, and MYC status) was also tested. Similar
models were generated using CAPRA scores ranging from
0 to 10, which were generated after the dichotomization of
age, PSA, percentage of core involvement, and clinical stage
variables.
Results

Clinicopathologic and Molecular Features of the Cohort

Clinicopathologic features of the cohort of biopsy speci-
mens included in this study are given in Table 1. Defined by
p63 immunostaining, 11% of the biopsy specimens had
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 2 (continued)

MYC and PTEN Dual Status

PMYC Intact PTEN Intact MYC Gain PTEN Intact MYC Intact PTEN Loss MYC Gain PTEN Loss

62.5 (41e71) 63 (45e72) 63 (41e71) 63 (47e74) 0.98
17 (19) 8 (24) 2 (6) 2 (14) 0.26

5.36 (1.30e33.80) 5.9 (1.50e16.79) 5 (1.30e30.30) 4.74 (3.40e24.90) 0.55

68 (72) 25 (75) 19 (65) 8 (50) 0.26
12 (12) 6 (18) 5 (17) 4 (25)
14 (14) 2 (6) 5 (17) 4 (25)
60 (5e100) 70 (20e100) 70 (15e100) 90 (35e100) 0.0007

0.28 (0.05e1) 0.33 (0.15e1) 0.33 (0.07e0.92) 0.4 (0.18e0.91) 0.29
51 (53) 19 (54) 20 (60) 10 (58) 0.88
10 (0e90) 20 (1e90) 20 (1e50) 30 (10e70) 0.07

30 (31) 8 (23) 7 (22) 1 (6) 0.15
52 (54) 21 (60) 19 (57) 8 (47)
10 (10) 4 (11) 6 (18) 7 (41)
2 (2) 1 (3) 0 1 (6)
2 (2) 1 (3) 1 (3) 0
19 (19) 15 (42) 16 (48) 12 (70) <0.0001
7 (9) 5 (16) 7 (28) 4 (26) 0.07

MYC/PTEN in Gleason 7 Prostate Biopsy
intraductal spread of carcinoma present, whereas 19% had
foci of large cribriform Gleason pattern 4 carcinoma present
(maximal diameter >200 mm, see Materials and Methods
for this cut-point selection) (Supplemental Figure S2).
Large cribriform and intraductal carcinoma were signifi-
cantly associated with one another (P < 0.0001), and their
overlap is detailed in Supplemental Table S2. A total of 74
cases lacked intraductal or large cribriform Gleason pattern
4 carcinoma on the examination of the index tumor block
and had additional tumor blocks with Grade Group 2
prostate cancer. Of these, 73 cases had additional blocks
available for analysis, and 15 had large cribriform (maximal
diameter >200 mm) (n Z 13) or cribriform and intraductal
foci identified (n Z 2), comprising an additional 5% of the
cohort.

In total, 188 of the 277 cases (68%) had evaluable MYC
status at biopsy, whereas 248 cases (90%) had evaluable
PTEN status and 181 cases (65%) had evaluable MYC and
PTEN status (Figure 1). Of the latter group, 19% had MYC
gain with intact PTEN, 18% had PTEN loss without MYC
gain, and 9% had MYC gain and PTEN loss. At radical
prostatectomy, most patients with up-grading had Grade
Group 3 tumor present (14%), whereas 27% of cases had
extraprostatic extension, 4% of cases had seminal vesicle
involvement, and 0.4% of cases had lymph node
The Journal of Molecular Diagnostics - jmdjournal.org
involvement. Although 14% of cases had positive surgical
margins, these were categorized as organ confined unless
there was independent evidence of extraprostatic extension.
In total, 16% had subsequent biochemical recurrence.

Association of Morphologic and Molecular Findings
with Preoperative Clinicopathologic Parameters

The preoperative clinicopathologic parameters stratified by
morphologic and molecular findings were examined next
(Table 2). Patients with intraductal spread of carcinoma in
the biopsy tended to be older (P Z 0.03) and have a higher
maximum percentage of tumor involvement on a biopsy
core (P Z 0.011) and a higher percentage of Gleason
pattern 4 carcinoma (P Z 0.007). Presence of intraductal
carcinoma was not significantly associated with patient race,
preoperative PSA level, clinical stage, fraction of biopsy
cores involved by cancer, or presence of bilateral disease on
biopsy. Patients with large cribriform Gleason pattern 4
carcinoma present (maximal diameter >200 mm) in biopsy
cores had a higher clinical stage (P Z 0.02), higher
maximum percentage of tumor involvement on any biopsy
core (P Z 0.001), and higher percentage of Gleason pattern
4 carcinoma (P < 0.0001). Cribriform carcinoma at biopsy
(maximal diameter >200 mm) was not significantly
1035
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associated with patient age, race, preoperative PSA level,
fraction of biopsy cores involved by cancer, or presence of
bilateral disease on biopsy.

Patients with MYC gain or PTEN loss or both alterations
at biopsy tended to have higher maximum percentage of
tumor involvement on any biopsy core (P Z 0.0007), but
molecular findings were not significantly associated with
patient age, race, preoperative PSA level, clinical stage,
fraction of biopsy cores involved by cancer or presence of
bilateral disease on biopsy, or percentage of Gleason pattern
4 carcinoma (Table 2). MYC gain and PTEN loss were
significantly associated with the presence of intraductal
carcinoma at biopsy by logistic regression analyses (OR,
13.33; 95% CI, 3.85e49.67; P < 0.0001 for combinedMYC
gain and PTEN loss) (Supplemental Table S3). Cases with
MYC gain and PTEN loss were also more likely to have
cribriform Gleason pattern 4 carcinoma (>200 mm) at bi-
opsy by logistic regression (OR, 8.85; 95% CI, 2.96e27.82;
P Z 0.0001 for combined PTEN loss and MYC gain)
(Supplemental Table S4). Similarly, when cribriform Glea-
son pattern 4 carcinoma maximal diameter was examined as
a continuous variable, biopsy specimens with MYC gain or
PTEN loss or both alterations had significantly larger crib-
riform foci (P < 0.0001) than those without these molecular
alterations (Supplemental Figure S3).
Association of Morphologic Findings and Molecular
Status with Postoperative Clinicopathologic
Parameters

Among post-operative parameters (Table 2), the presence
of intraductal carcinoma at biopsy was significantly asso-
ciated with increasing Grade Group at radical prostatec-
tomy (P < 0.0001) and noneorgan-confined disease
(defined as extraprostatic extension, seminal vesicle inva-
sion, and/or lymph node involvement; P Z 0.003) at
radical prostatectomy. Similarly, the presence of cribriform
Gleason pattern 4 carcinoma at biopsy (maximal diameter
>200 mm) was significantly associated with increasing
Grade Group (P < 0.0001) and noneorgan-confined dis-
ease (P Z 0.0003) at radical prostatectomy. When the
maximal diameter of cribriform Gleason pattern 4 carci-
noma was examined as a continuous variable, Grade
Group at radical prostatectomy was significantly associ-
ated with biopsy cribriform size (P Z 0.0006)
(Supplemental Figure S4). Joint MYC/PTEN status at bi-
opsy was not significantly associated with Grade Group at
radical prostatectomy. However, MYC/PTEN status was
linked to a higher risk of noneorgan-confined disease, in
which 70% of tumors with both MYC gain and PTEN loss
at biopsy had this pathologic feature at radical prostatec-
tomy compared with only 19% of tumors without MYC
gain or PTEN loss (P < 0.0001) (Table 2).
1036
Univariable and Multivariable Analysis of Association
of PTEN-MYC Status with Adverse Pathologic Features
at Radical Prostatectomy

Up-grading and noneorgan-confined disease are adverse
pathologic features at radical prostatectomy. Since
up-grading in our cohort was largely limited to Grade
Group 3 (Table 1), the adverse outcome of noneorgan-
confined disease at surgery was studied. On univariable
logistic regression analysis, as reported previously,17 biopsy
tumor volume metrics were significantly associated with the
risk of noneorgan-confined disease (Table 3). The presence
of large cribriform Gleason pattern 4 carcinoma (maximal
diameter >200 mm) (OR, 3.01; 95% CI, 1.59e5.77;
PZ 0.0007) and intraductal spread of carcinoma (OR, 3.03;
95% CI, 1.42-6.61; P Z 0.0043) at biopsy were both
associated with a significantly higher OR for noneorgan-
confined disease at radical prostatectomy (Table 3). In
contrast, cribriform lesions �200 mm and percentage of
Gleason pattern 4 carcinoma were not significantly associ-
ated with noneorgan-confined disease (Table 3). On uni-
variable analysis, MYC/PTEN status at biopsy was also
significantly associated with noneorgan-confined disease,
with cases showing MYC gain and PTEN loss having the
highest OR for noneorgan-confined disease compared with
cases without either alteration, although because of the low
number of cases the OR estimates were somewhat unstable
for this group (OR, 10.01; 95% CI, 3.36e34.34;
P < 0.0001). In a multivariable model that included all
parameters significant on univariable analyses at biopsy,
only MYC-PTEN status remained significantly associated
with noneorgan-confined disease at radical prostatectomy,
with MYC gain (OR, 3.02; 95% CI, 1.19e7.77; P Z 0.01)
and PTEN loss (OR, 2.76; 95% CI, 1.10e6.98; P Z 0.02)
individually significantly associated with noneorgan-
confined disease and dual alterations (MYC gain with PTEN
loss) showing the strongest association (OR, 6.23; 95% CI,
1.74e24.55; P Z 0.005) (Table 3).
To determine whether MYC or PTEN status added in-

formation to preoperative variables commonly used in
prostate cancer risk assessment algorithms, the ROC curves
were assessed for the presence of noneorgan-confined
disease at radical prostatectomy. In a baseline regression
model that included age, PSA, clinical stage, and proportion
of biopsy cores positive for tumor (Grade Group was
excluded because all biopsy specimens in this cohort were
Grade Group 2), the AUC was 0.68. Addition of presence or
absence of cribriform or intraductal carcinoma at biopsy
marginally improved the AUC to 0.69, whereas further
addition of percentage of Gleason pattern 4 carcinoma to
this model did not appreciably change the AUC (0.69). Of
interest, addition of joint MYC and PTEN status at biopsy to
the baseline model that included age, PSA, clinical stage,
proportion of positive cores, presence of cribriform or
intraductal carcinoma, and percentage of Gleason pattern 4
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 3 Univariable and Multivariable Logistic Regression Results for NoneOrgan-Confined Disease (Extraprostatic Extension, Seminal
Vesicle Invasion, and/or Lymph Node Involvement) at Radical Prostatectomy

Variable

Univariable Multivariable

P OR (95% CI) P OR (95% CI)

African American ancestry 0.07 0.52 (0.24e1.03) d d
Age 0.13 1.02 (0.99e1.06) d d
PSA 0.98 1.00 (0.99e1.00) d d
Percentage of tumor involvement 0.0008* 2.73 (1.53e5.05) 0.20 1.84 (0.73e4.90)
Fraction cores involved 0.0006* 7.74 (2.41e25.92) 0.12 4.12 (0.69e25.45)
cT2a or greater 0.05 1.78 (0.98e3.22) d d
Cribriform Gleason pattern 4 carcinoma (reference: no cribriform)
�200 um 0.85 0.94 (0.50e1.73) 0.07 0.42 (0.15e1.05)
>200 um 0.0007* 3.01 (1.59e5.77) 0.51 1.38 (0.51e3.65)

Intraductal carcinoma 0.0043* 3.03 (1.42e6.61) 0.09 2.70 (0.84e8.95)
Percentage of Gleason pattern 4 0.93 0.99 (0.98e1.01) d d
PTEN loss <0.0001* 2.90 (1.86e6.04) d d
MYC gain 0.0005* 3.09 (1.63e5.92) d d
MYC and PTEN (reference: MYC intact PTEN intact)
MYC gain PTEN intact 0.007* 3.08 (1.35e7.05) 0.01* 3.02 (1.19e7.77)
MYC intact PTEN loss 0.003* 3.42 (1.48e7.95) 0.02* 2.76 (1.10e6.98)
MYC gain PTEN loss <0.0001* 10.01 (3.36e34.34) 0.005* 6.23 (1.74e24.55)

*Variables with any categories showing P < 0.05 in the univariable model were included in the multivariable analysis.
OR, odds ratio; PSA, prostate-specific antigen.
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carcinoma further increased the AUC to 0.75. Taken
together, these data suggest there is added information
provided by the MYC-PTEN molecular status to baseline
clinicopathologic characteristics.

Association of MYC/PTEN Status with Biochemical
Recurrence after Radical Prostatectomy

Finally, the association of morphologic and molecular pa-
rameters was examined with PSA recurrence after radical
prostatectomy. Overall, 37 of 220 patients (16%) had PSA
recurrence after radical prostatectomy in the cohort with a
median follow-up time of 4 years (interquartile range, 1 to
14 years). By log-rank analysis, the presence of intraductal
carcinoma at biopsy (P Z 0.012), cribriform Gleason
pattern 4 carcinoma at biopsy (P Z 0.007), and PTEN loss
at biopsy (P Z 0.014) were significantly associated with
decreased time to recurrence (Figure 2A-C). Although MYC
gain and dual MYC/PTEN status did not reach statistical
significance, there was a trend toward more rapid recurrence
for patients with these alterations at biopsy (Figure 2D-E).
Discussion

Spread to extraprostatic soft tissues or seminal vesicles and
pelvic lymph nodes (noneorgan-confined disease) is a
critical indicator of potentially aggressive prostate cancer
and is considered an adverse pathologic feature at radical
prostatectomy. Key clinical decisions for patients
The Journal of Molecular Diagnostics - jmdjournal.org
undergoing radical prostatectomy, such as performing nerve
sparing surgery22 and the need for pelvic lymphadenec-
tomy,23 hinge on the magnitude of this risk. Furthermore, in
patients with a very high baseline risk of noneorgan-
confined disease, radiation and hormonal therapy may be
preferred over surgical treatment. Prostate needle core bi-
opsies24 or multiparametric magnetic resonance imaging
studies25 are relatively specific for the presence of non-
eorgan-confined disease; however, these techniques are
insensitive for this feature. Given that treatment planning
involves shared decision-making between the patient and
the clinician, having additional data available to better un-
derstand the likelihood of adverse patient outcomes, such as
noneorgan-confined disease, would facilitate this process
for both parties.26

Molecular biomarkers may provide useful information to
guide clinical decision-making in Grade Group 2 prostate
cancer. RNA-based prognostic tests have clinical utility in
some settings but are not in widespread use because of pro-
hibitive costs, the need for a large amount of tissue, and dif-
ficulties of RNA preservation in FFPE samples.7,8 The loss of
the tumor suppressor PTEN is one of the most common al-
terations found in primary prostate cancer, and it is repro-
ducibly associated with worse prognosis in numerous
studies.10e13,27e31 MYC or 8q amplification is another inde-
pendent predictor of tumor progression, particularly in the
setting of Grade Group 2 or 3 cancer.14,15,32,33 In a previous
study by collaborators at our institution, MYC gain assessed
by fluorescence in situ hybridization was significantly more
common among Gleason pattern 3 tumor sampled from
1037
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Figure 2 Kaplan-Meier curves for probability of biochemical recurrence stratified by pathologic and molecular parameters. Hazard ratios for Cox pro-
portional hazards regression models are shown on each panel. A: Stratification by presence or absence of intraductal carcinoma. B: Stratification by presence
or absence of cribriform Gleason pattern 4 carcinoma (maximum diameter >200 mm). C: Stratification by presence or absence of PTEN loss by gene-protein
assay. D: Stratification by presence or absence of MYC amplification by gene-protein assay. E: Stratification by combined MYC-PTEN status.
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Grade Group 2 or Grade Group 3 prostatectomy samples than
Gleason pattern 3 tumor sampled from Grade Group 1 tu-
mors.14 In older comparative genomic hybridization studies,
8q gain was similarly associated with worse survival among
Gleason score 7 prostate cancer.32

Taken together, these older studies prompted us to ask
whether MYC gain could be assessed via chromogenic as-
says in a dual-plex fashion with an immunohistochemical
assay for PTEN. Using technology originally adapted for
HER2/neu assessment in breast cancer,16 we developed a
new clinical grade, automated chromogenic assay to assess
MYC and PTEN status simultaneously on a single biopsy
slide. This assay can be run and interpreted in any Clinical
Laboratory Improvement Amendmentseaccredited immu-
nohistochemistry laboratory on the Ventana BenchMark
platform. PTEN status assessment in this dual-plex assay
was rigorously validated by comparison with the perfor-
mance of a genetically validated PTEN immunohisto-
chemistry assay in the same cohort, as well as to another
anti-PTEN antibody, with good agreement among the
various assays. In a homogeneous cohort of Grade Group 2
biopsy samples from patients who underwent subsequent
radical prostatectomy, the AUC for a baseline model using
the preoperative variables from standard preoperative risk
calculators was found to be increased from 0.68 to 0.69 with
1038
the inclusion of intraductal or cribriform carcinoma status
and to 0.75 with the inclusion of MYC/PTEN status. These
data, if validated in other independent cohorts, suggest that
simultaneous MYC/PTEN status assessment may be useful
in the intermediate-risk biopsy setting to identify patients at
high risk for noneorgan-confined prostate cancer at surgery.
This information could be useful to help determine which
patients are not candidates for active surveillance or nerve-
sparing surgery and to stratify patients who could be at high
risk for recurrence.
In addition to molecular markers, refinements to patho-

logic grading of prostate cancer may add to the prognostic
power of Grade Group, particularly for intermediate-risk
patients. Multiple studies and meta-analyses have found that
the presence of intraductal spread of carcinoma at biopsy
adds independent prognostic information beyond that of
Grade Group.2,3,5,34 Similarly, the presence of invasive
cribriform Gleason pattern 4 carcinoma at biopsy may be
useful, particularly in Grade Group 2 prostate cancer, for
predicting outcomes.5,35e38 However, to date, the data on
cribriform pattern as a marker of worse prognosis have been
confounded by lack of consensus on cribriform carcinoma
size cutoffs and the ability to distinguish cribriform carci-
noma from intraductal spread, which requires immunohis-
tochemical stains in most cases.4,37,39e43 Although several
jmdjournal.org - The Journal of Molecular Diagnostics

http://jmdjournal.org


MYC/PTEN in Gleason 7 Prostate Biopsy
previous studies have noted that larger cribriform pro-
liferations are associated with worse prognosis,42 others
have identified a worse prognosis for cribriform lesions
independent of size.37,39 This lack of consensus may be
attributable to the fact that larger size has been defined
variably, from cribriform lesions with >12 lumens39 to
glandular enlargement more than two-fold that of normal
benign glands.42 In addition, it is often challenging to
distinguish invasive cribriform lesions from intraductal
carcinoma without immunohistochemical stains, and many
studies have not separated these two entities to evaluate their
independent prognostic potential.3,38

To begin to address these knowledge gaps, in the current
study, the tumor was digitally measured to precisely define
cribriform Gleason pattern 4 lesion size, and p63 immuno-
staining was used to differentiate intraductal from invasive
cribriform Gleason pattern 4. Using AUC analysis, it was
found that 200 mm was an optimal cut point to distinguish
cribriform Gleason pattern 4 lesions associated with non-
eorgan-confined disease. The presence of large (>200 mm)
cribriform architecture but not smaller lesions was signifi-
cantly associated with increasing higher clinical stage and
higher tumor volume preoperatively and associated with
higher Grade Group and noneorgan-confined disease at
radical prostatectomy. Notably, even in the absence of a
defined cut point, it was found that cases with MYC gain
and/or PTEN loss had significantly larger cribriform lesions
compared with those with intact MYC and PTEN. This
finding constitutes some of the first evidence that larger
cribriform lesions are molecularly distinct from smaller ones
and supports the use of some metric of cribriform size in
prognostic algorithms that include cribriform architecture.
Defined by the presence of p63-positive basal cells around a
solid or densely cribriform intraductal proliferation, the
presence of intraductal carcinoma was also associated with
adverse preoperative and postoperative features, including
higher biopsy tumor volume, as well as increased Grade
Group and noneorgan-confined disease after surgery.

There are some limitations to the current study. First, to
preserve tissue for future potential clinical molecular
studies, only one index tumor block for each case was
submitted for the dual-plex chromogenic assay, which may
inadequately characterize genomically heterogeneous tu-
mors.44 Similarly, only one tumor block was evaluated for
the presence of cribriform Gleason pattern 4 architecture or
intraductal carcinoma. To estimate the extent of error in our
classification for the presence of cribriform Gleason pattern
4 architecture or intraductal carcinoma, all additional Grade
Group 2 cancerecontaining blocks were examined for cases
that lacked large cribriform or intraductal carcinoma in the
initial analysis. Overall, 15 cases were misclassified as
lacking cribriform Gleason pattern 4 architecture (maximal
diameter >200 mm) or intraductal carcinoma based on the
initial analysis, amounting to 5% of the entire cohort. This
finding suggests that the magnitude of error introduced by
our sampling methods may be relatively small, although it
The Journal of Molecular Diagnostics - jmdjournal.org
still remains a limitation. An additional limitation is that
there was a relatively high rate of unevaluable samples,
particularly for the MYC assay, because of the use of
archival paraffin material. Despite these shortcomings, both
molecular markers and refined histologic classification
remained significantly associated with outcomes in multi-
variable models. Finally, there was a relatively low number
of biochemical recurrence events because the cases studied
were exclusively Grade Group 2 at biopsy and all underwent
definitive surgical therapy. Thus, multivariable models of
biochemical recurrence were not constructed, and the
outcome of noneorgan-confined disease was examined as a
surrogate marker. However, because the presence or
absence of noneorgan-confined disease can help to guide
surgical planning, this outcome is useful on its own as well.

In conclusion, this study indicates that a clinical grade,
multiplex gene-protein panel can be developed for adverse
genomic alterations in primary prostate cancer and may add
to contemporary clinicopathologic parameters in identifying
patients at increased risk of noneorgan-confined disease
before surgery. It was also found that contemporary adverse
pathological features, such as cribriform Gleason pattern 4
carcinoma and intraductal carcinoma, are associated with
underlying molecular alterations, including MYC and PTEN
genomic status, providing additional support for their use in
pathologic evaluation. Future studies will prospectively
evaluate the clinical utility of joint MYC/PTEN status
assessment in the setting of intermediate-risk prostate
cancer.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.jmoldx.2021.05.006.
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